technique. It can be used to detect flaws such as cracks in metallic materials such as steel, whereas, steel is widely known as a base material used for constructions. Therefore, early detection of these flaws is very crucial in order to prevent any accident that could cost lives. Conventionally, MFL method utilizes a strong magnetic field to saturate samples and detects the magnetic flux leakage. However, in this study, a sensitive magnetic probe has been developed to remove the need of using a strong magnetic field to saturate samples. the MFL probe is fabricated with 2 AMR sensors, a home-made amplifier circuit, a set/reset circuit and a flexible yoke. Furthermore, the flexible yoke is proposed in order to apply the magnetic field to the sample at different magnetization angles. Using the developed probe, we measure the magnetic responses at front and back side surfaces of a 2-mm galvanized steel plate at different frequencies. The sample itself is embedded with artificial slits with different depth, ranging from 1.0 mm to 1.6 mm. Moreover, the effect of different magnetization angle of 60° and 90° from the surface is also discussed. From the results, it can be said that the 60° magnetization angle from the surface is proved to provide a considerable improvement for the surface slit detection, while, having close to no effect compared to the 90° magnetization angle on the back side slit detection.
I. INTRODUCTION
Nowadays, steel structures are commonly used in various infrastructures such as buildings and transportations. The steel itself is considered as a versatile and basic material for constructions which can exist in a myriad of forms such as plates, cables as well as in reinforcement and fabricated structures, such as buildings [1] . Thus, the safety and workability of the steel structures should always be monitored to prevent fatal accidents. Early detection of defects such as cracks in steel structures is very important either for the front side crack or the back side crack. There are several ways at which cracking can occur such as due to fatigue, which is caused by the exposure of continues stress and strain on a uniform metallic material [2] , [3] . This is where Non-destructive Test (NDT) comes into play, which is quite essential in terms of the defect detection such as cracks in a material. NDT, which is composed of a wide-ranging group of analysis techniques, offers an inspection method that can conserve both money and time since the serviceability of the subject that are being evaluated is not harmed or permanently altered or changed. For steel components, the NDT techniques can be divided into a few methods such as visual inspection, ultrasonic inspection, radiography, and magnetic methods [1] , [4] - [8] . The visual inspection method can be immediately ruled out as this method struggles in tackling flaws that are quite impossible to be seen with naked eyes such as back side cracks and submillimeter cracks.
Therefore, the magnetic method can be regarded as a favorable technique especially in the inspection of metallic materials such as steel due to the fact that the material is conductive and possesses strong magnetic properties. Furthermore, the reason why magnetic method is quite popular is due to its characteristics which is safe, fast and non-contact. The magnetic methods of NDT can be categorized into two principles of measurement, which is the eddy current and flux leakage measurements [9] .
The eddy current approach depends on the analysis of the characteristics of eddy current which is generated in a conductive compound after a magnetic field is applied to it. There are few methods that are based on this approach such as the Eddy Current Testing (ECT), Pulse Eddy Current (PEC) and Remote Field Testing (RFT) [10] - [12] . For conventional ECT, it basically utilizes two types of coils: a detection coil and an excitation coil. Usually, an AC current is supplied to the excitation coil which will emit primary magnetic field to the conductive compound. Then, the induced secondary magnetic field of the eddy current is then picked up by the detection coil [13] . In the detection of crack, the eddy current circulation in the compound will be disrupted whenever there are flaws. However, an improve version of ECT probe that utilizes a compact magnetic sensor has been reported to replace the use of the inductive detection coil where it can provide a distinct signal of crack detection based on frequency response characteristic and localized detection performance [14] .
The other principle of measurement in the magnetic methods is the flux leakage measurement. While the setup is almost the same as the eddy current measurement, this approach differs on the detection principle. Basically, this approach relies on the disruption of magnetic flux at the surface of a metallic material which is located at the location of a defect in the metallic material. In this approach, there are two methods available which are the Magnetic Particle Inspection (MPI) and the Magnetic Flux Leakage (MFL). Compared to MPI which utilizes substances like iron fillings, MFL method uses a device, or simply a magnetometer to captured those flux leakages [8] . Furthermore, an improvement of using a sensitive magnetic sensor such as the Anisotropic Magnetoresistive (AMR) sensor has been implemented which successfully reduce the need for the magnetic saturation of the metallic material [9] . The design and analysis of the MFL systems however, do require a complex understanding of interactions among the leakage flux, excitation field and the flaws in the compound [15] .
In this research, a compact and small-sized non-saturated MFL probe with flexible yoke is developed. The probe is fabricated from 2 AMR sensors (HMC1001, Honeywell) to form a differential probe. This probe is designed to evaluate front and back side cracks which is difficult to be seen via naked eyes. Artificial slits of different depths ranging from 1 mm to 1.6 mm are fabricated on a galvanized steel plate with a thickness of 2 mm and they are evaluated using the developed system. Then, the performance of the developed MFL probe is assessed by analyzing the magnetic response resulted from the artificial slits.
II. EXPERIMENTAL SETUP

A. Development of Yoke
Compared to the conventional MFL system where the core of the yoke is made up in solid state, this research is focusing on developing a rather flexible yoke to make the yoke more versatile and can be shaped to compensate with the housing of the MFL probe. Instead of using a rigid material such as soft iron core, the core is replaced by a mixture of slime and iron powder to make the yoke becomes flexible. The slime itself is actually a mixture of PVA glue and saline solution. Therefore, an optimum mixture of iron powder, PVA glue and saline solution with a ratio of 1:0.24:0.04 is used to fabricate the yoke's core. Then, the mixture is filled in the yoke housing. The yoke is divided into 3 part, which is a connector and two identical yoke ends. The connector is fabricated from Thermoplastic Polyurethane (TPU) which is a rubber-like material and also referred to as the bridge between rubbers and plastics. This by any means, allows the connector to be extremely flexible, durable and smooth to the touch. Finally, all three parts of the yoke is assembled. Then, each end of the yoke is wounded by excitation coils with 100 turns of a 0.65-mm magnet wire. The developed yoke can be bent, thus, allowing the sample to be magnetized at shiftable magnetization angles below than 90° from the surface as in Fig. 1 .
B. MFL Probe
The MFL probe is fabricated with two AMR sensors, a home-made amplifier circuit, a set/reset circuit and a flexible yoke with excitation coils wounded at the both ends of the yoke. In this research, a sensitive sensor is used in order to enable the non-saturation technique of MFL. Comparing with other sensors, SQUID is considered as the most sensitive sensor as it possesses the lowest noise [16] . However, due to the fact that it needs liquid nitrogen or helium for cooling, the SQUID sensor requires a complex heat insulation structure where it may not be easily compacted [17] , [18] . On the other hand, AMR sensors offer a sensitive detection and is small in size. The AMR sensor used in this research consists of 4 resistive MR elements wounded with a set/reset strap in a Wheatstone bridge connection as shown in Fig. 2 . These AMR elements can easily lose its sensitivity whenever it is exposed with a strong magnetic field. Thus, by using the set/reset strap, the sensitivity of the AMR sensor can be recovered by flowing high-pulse current through it [19] . Therefore, a set/reset circuit is developed to provide those high-pulse current which can be controlled manually and automatically. Also, it is worth noting that, two AMR sensor will be used in the probe. Basically, an AMR sensor will output absolute values. Thus, any magnetic response obtained via one AMR sensor is not a pure signal coming from the flux leakage as it will contain a lot of magnetic noises including the environmental noise. Therefore, two AMR sensor is proposed to form a differential sensor and the response from one sensor will be referenced with the other sensor. This will eliminate background noises and improve the MFL probe sensitivity. The distance between the two sensor or the baseline is set to be 4 mm. Then, to make the output of the sensor to be readable by a data acquisition (DAQ) card (NI-USB 6212, National Instruments), an amplifier circuit is fabricated. The amplifier circuit basically consists of two instrumentation amplifiers (INA), each with a gain of 40 dB.
C. Measurement System
The measurement system consists of the developed MFL probe, power supply, DAQ card, and PC as shown in Fig. 1 . The excitation coils are provided with signals of variable frequencies. Then, the pre-amplified signal of the two AMR sensors is connected to the DAQ card. The MFL probe is then attached to an XY-stage with a dimension of 55 cm × 45 cm. An XY-stage controller is developed via a virtual instrument (LabVIEW, National Instruments). Meanwhile, the excitation coils at both yoke ends are connected with a power supply. A lock-in amplifier (LIA) is very crucial in this research as it helps extracting signal amplitudes and phases in extremely noisy environments. However, instead of using a hardware-type LIA, which is huge in size, a digital LIA is developed via LabVIEW as shown in Fig. 3 by obtaining the data streamed by the DAQ card. The experiment setup is hugely simplified by eliminating the huge LIA by replacing it with a DAQ card. Finally, an integration of the XY-stage controller and the DAQ system is developed via LabVIEW.
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The sample used is made up of galvanized steel with a thickness of 2 mm with artificial slits with depths of 1 mm, 1.2 mm, 1.4 mm and 1.6 mm. For every measurement, a line scan is conducted as indicated in Fig. 4 . The resolution of the line scanning is set to be 1 mm.
The measurement is conducted for two different magnetization angles which are at 60° and 90° from the surface of the sample. Then, for each angle, the frequency of at 0.3 A. the signal supplied into the excitation coils is varied to be 10 Hz, 40 Hz, 130 Hz and 490 Hz, while the amplitude is fixed. 
III. RESULTS AND DISCUSSION
A. Raw Waveform
From the line scan measurement at the excitation frequency of 40 Hz and amplitude of 0.3 A as shown in Fig.  5 , the real and imaginary parts did differ with each other. For the real part, the magnetic response reached a minimum value at the position of slits, while for the imaginary part, the slit position can be identified in between the peak and trough of the magnetic response. Also, the real part of the signal can be regarded as the MFL signal. Meanwhile, the imaginary signal could represent the eddy current signal, which is lagging 90° in nature compared to the excitation magnetic field. The results for the front side measurement can be seen in Fig 5 (a) and (b) , while, Fig. 5 (c) and (d) are the results of the back side measurement. By comparing those two, from the real part perspective, it could be seen that the signals were almost identical between front and back side measurements. However, from the imaginary part point of view, the signals could be said to be inverse to each other. In the front side measurement, it can be seen that the intensity change was from minimum to maximum, while, the intensity change for the back side measurement was from maximum to minimum. The difference could be caused by eddy current dependency that dominated the front surface.
B. Measurement of two different magnetization angles.
From Fig. 6 , the result of the 90° magnetization angle for front side and back side can be seen. In this result, delta values of real and imaginary parts were used where they represented the difference between the maximum value and the minimum value of the peaks and troughs in the magnetic response waveforms. For the front side, it can be seen that whenever there was an increase in frequency, the delta values increased as well, be it in the real part or the imaginary part. From the real part for the front side measurement, it can be seen that, as the depth of slits went deeper, the delta values were also incremented. However, as the depth increased, the increase of delta value would start to decrease at some point and saturated as shown in Fig. 6 (a) . This showed that that the flux leakage was reaching saturation as the depth increased. The same phenomenon could be said for the imaginary part with the only difference was the increment of delta values with regards of depth was much less as in Fig. 6 (b) . However, by increasing the frequency, the delta values were increased as well but, by a huge margin compared to the real part.
The case seemed to be quite different for the back side measurement in terms of the increase of delta values with respect to frequency. The overall delta values for the real part of the backside measurement (Fig. 6 (c) ) was smaller compared to the delta vales of the front side measurement but with an increasing characteristic as the frequency increased. However, the increase margin was quite small compared to front side measurement. However, for the case of the 490-Hz frequency, the delta value seemed to be constant without showing any effect with regard of depth. This might be caused by the eddy current dependency which blocked the penetration of the magnetic field at a high frequency. However, the imaginary part of the back side measurement indicated that the delta values were also increased when the depth as well as frequency increased as shown in Fig. 6 (d) . However, the effect of the frequency was insignificant compared to the delta of imaginary part of the front side as shown in Fig. 6 (b) . Fig. 7 shows the signal difference extracted from line scan measurements at the 60° magnetization angle. The aim for this measurement was to compare the effect of 90° and 60° magnetization angles towards the delta values of both front side and back side measurements. From Fig. 7 (a) , it can be seen that the delta values of the real part for the front side measurement at the 60° magnetization angle showed an increase compared to the delta of the real part for the front side measurement at the 90° magnetization angle as shown in Fig. 6 (a) . However, as the depth increased more than 1.4 mm for the 60° magnetization angle, the delta values started to decrease, showing that it reached saturation faster compared to the 90° magnetization angle measurement. Next, by observing the delta of the imaginary part for the front side measurement at the 60° magnetization angle, it can be seen that the increase was greater compared to the delta of the imaginary part of the front side measurement at the 90° magnetization angle. But both imaginary data showed an increase of delta values with respect to the depth as well as the frequency. The case for the back side measurement at 60° magnetization angle was almost identical to the back side measurement at magnetization angle of 90°. Especially when it was observed in terms of the delta values of the imaginary parts of both measurements as shown in Fig. 6 (d) and Fig. 7  (d) . But, for the delta values of the real parts, there was a slight difference. From Fig. 6 (c) , it can be seen that the delta values was increased with respect to the depth except for frequency of 490 Hz. The pattern could be said to be almost linear with respect to the frequency. However, from Fig. 7 (c), when at the 60° magnetization angle, the increase of the delta values was not linear with respect to the depth. However, for depth less than 1.2 mm, the rate of the increase was superior compared to the case of the of 90° magnetization angle (Fig. 6 (c) ).
From these measurements at the 90° and 60° magnetization angles, it could be concluded that the angle of the magnetization has a non-negligible effect for the surface defect detection while less or no effect to the backside defect detection.
IV. CONCLUSION
In this research, we developed a non-saturated MFL probe using shiftable magnetization angle for front and back side defect detection. The performance of the developed probe was demonstrated in evaluation of the front and back side slits at different excitation frequency and magnetization angle. The raw waveforms of the real and imaginary parts showed that the slit position can be identified based on peaks and troughs. The signal differences between peaks and troughs showed that the depth of the slits could be estimated for the front and back side slits. It could be said that, the front side measurement did produce an overall higher delta values compared to the back side measurement. Then, the effect of different magnetization angle has also been reviewed. The obtained data showed that, the 60° magnetization angle showed a promising characteristic for the surface slit detection as it provided a higher slope of delta values compared to the case of the 90° magnetization angle. However, this was not the case for the back side measurement. The results of the tilted angle simply showed that the delta values of either real or imaginary component achieve saturation at a faster rate compared the normal angle.
